ABSTRACT: In this experimental study we investigated how growth conditions and physiological status of the marine haptophyte Phaeocystjs pouchetii affect its interaction with the lytic virus PpVO1. A simple mathemat~cal model describing the infection, the lysis of algae and the production of new viral particles was developed as an aid for analyzing and understanding the interaction between host and virus. P. pouchetij was susceptible to virus infection in all stages of growth. Nutrient or light limitation of algal growth did not inhibit viral reproduction and cell lysis. Neither the infectivity of the progeny viruses produced nor the length of the lytic cycle appeared to be affected by the host cells' growth condltion. However, possible effects may have been obscured by low accuracy of infective virus counts or by low sampling frequency. The host cells' growth conditions did have a significant impact on burst size. A maximum of 510 viruses produced per infected host cell was found in exponentially growing cultures, while low burst size (minimum 15) was found in stationary phase cultures, in nutrient depleted cultures and in light limited cultures.
INTRODUCTION
Viruses infecting bacteria, phytoplankton and other microorganisms have been recognized as active partners in the microbial food web (Fuhrman & Suttle 1993 , Thingstad et al. 1993 . In marine ecosystems total counts of viruses and virus-like particles (VLP) are usually reported to be in the range of 106 to 10' ml-' (Maranger & Bird 1995) . Most of these are presumably bacteriophages (Bratbak et al. 1990 ) but viruses infecting eucaryotic microalgae and cyanobacteria may also be present in significant numbers (Proctor & Fuhrman 1990 , Suttle & Chan 1993 , 1995 , Waterbury & Valois 1993 . The possible ecological significance of viruses as a cause of phytoplankton mor-'E-mail: gunnar.bratbak@im.uib.no 0 Inter-Research 1998 tality in natural waters has been inferred from several kinds of observations: the presence of algal cells containing virus-like particles in natural comn~unities (for review see van Etten et al. 1991 , Reisser 1993 , Zingone 1995 ; the presence of viruses in natural waters infecting specific algal populations (Suttle et al. 1990 , Cottrell & Suttle 1991 , Suttle 1992 , Suttle & Chan 1993 , 1995 , Waterbury & Valois 1993 ; and studies of population dynamics showing that a decrease in one algal population may be accompanied by an increase in virus abundance (Bratbak et al. , 1995 .
In natural marine ecosystems, phytoplankton mortality and the fate of phytoplankton blooms are most often considered to be caused by zooplankton grazing or sedimentation (e.g. Walsh 1983 ), but mass cell lysis has also been observed (Brussaard et al. 1995) . The growth conditions (nutrient availability, light regime, etc.) and the physiological state of the phytoplankton popula-tion may affect sinking and suspension of the cells in the water column (Walsby & Reynolds 1980) , and the same factors may presumably also affect cell death and lysis. Moreover, the cells' susceptibility to virus infection and the rate of virus proliferation may also be affected. Since the mechanism of bloom collapse (sedimentation, grazing or cell lysis) may have a profound impact on the fate of the algal biomass in the food web, it will be important to learn how these mechanisms are regulated.
Few experimental studies have been conducted to elucidate, from an ecological point of view, the impact of growth conditions and physiological state of the phytoplankton host cells on their virus susceptibility and on the rate of virus proliferation. The main reason for this is of course that the number of phytoplankton host-virus systems that have ever been brought into culture and studied in the laboratory is low. Host-virus systems of Chlorella sp., Micromonaspusilla and Synechococcus sp. have been studied for many years and are quite well known (Waters & Chan 1982 , Waterbury et al. 1986 , Cottrell & Suttle 1991 , 1995 , van Etten et al. 1991 , Suttle & Chan 1993 , Waterbury & Valois 1993 . Viruses infecting Chrysochromulina brevifilum, Phaeocystis pouchetii and Heterosigma akashiwo have more recently been reported to be in culture and these systems await further investigation (Suttle & Chan 1995 , Jacobsen et al. 1996 , Nagasaki & Yamaguchi 1997 . The Chlorella virus PBCV-l has been found to replicate most efficiently in actively growing host cells and poorly in stationary-phase cells (van Etten et al. 1983 (van Etten et al. , 1991 . Investigating a marine Synechococcus host-virus system, Wilson et al. (1996) found that the length of the lytic cycle increased and the burst size decreased when cell growth was phosphate limited. In a marine mesocosm study, observed no virus production and no cell lysis of the coccolithophorid Emiliania huxleyi when phosphate was depleted. Availability of phosphate may thus seem to play a regulatory role for viral infection and lysis, at least for some algal host-virus systems. Nevertheless, there is a need for more and basic information on the physiology of the host cells in relation to viral infectior, that may provide a background for evaluating field observations. The purpose of this study was to investigate the interaction between the marine haptophyte Phaeocystis pouchetii and its virus denoted PpVOl which recently has been brought into culture (Jacobsen et al. 1996) . We have used experimental laboratory systems to address questions related to virus production and how it depends on host cells' physiological condition and environmental conditions such as nutrient (N and P) and energy (light) availability. We developed a simple model describing the infection, the lysis of algae and the production of new viral particles.
MATERIALS AND METHODS
Cultures and medium. The algal host-virus system used in this study was Phaeocystis pouchetii (Pryrnnesiophyceae) strain AJOl obtained from the culture collection at the University of Bergen, Norway, and the lytic virus PpVOl isolated from Raunefjorden, Western Norway (Jacobsen et al. 1996) . This Phaeocystis strain does not form colonies under the growth conditions used in this study.
The cells were grown in a medium prepared from aged and autoclaved sea water (33%) amended with vitamins and trace elements as for the f/2 medium (Guillard 1975) . Nitrate and phosphate were added to give 80 p M NaN03 and 5 p M KH2P0, unless otherwise noted. The cultures were incubated at 8OC and in continuous white light of about 40 to 50 pm01 m-' ss1.
Enumeration of algae and virus. Growth of the algae was monitored by live cell counts in a Fuchs Rosenthal haematocytometer. Infective viruses were estunated by the most probable number (MPN) technique using cell-culture plates (Nuclon, Nunc Denmark) with 96 round bottom wells (Cottrell & Suttle 1995) . The virus solutions were diluted 10-fold from 10-' to 10-l0 and 50 p1 of each dilution was then transferred to 8 parallel wells each containing 100 p1 of Phaeocystis culture in late exponential growth.
Growth and lysis in the wells were recorded by visual inspection after 7 d of incubation at 8°C under continuous white Light of about 40 to 50 pm01 m-2 S-'.
Samples for total counting of virus were preserved with 2.5% glutaraldehyde. Particles were harvested onto electron microscope grids (Ni, 400 mesh) by centrifugation and prepared for counting in the transmission electron microscope (TEM) basically as described earlier . To avoid overloading the grids when cell abundance was high, we used centrifuge tubes that were cut off to accommodate ca 3 m1 of sample water. The full length tubes were run for 1 h and the cut off tubes for 30 min at 200000 X g i n a Beckman SW 41 swing-out rotor. The grids were positively stained with 2 ' 36 uranyl acetate and viewed in a Jeol lOOCX or a Jeol 100s TEM at 20000 and lOOOOOx magnification.
Culture experiments. Virus production in relation to algal growth phase: A volume of 250 m1 was withdrawn from a Phaeocystis pouchetii culture in ( 1 ) exponential, (2) early and (3) late stationary phase of growth and inoculated with 5 m1 of PpVOl virus lysate. The 3 infected subcultures were incubated as described above and the abundance of algae and viruses was monitored for 7 d.
Nitrogen and phosphate requirements: A 1 1 Phaeocystis pouchetii culture was incubated in a 2 1 Erlen-meyer flask until early stationary phase of growth, split in 3 and diluted 1:5 in (1) complete medium, (2) medium without added phosphate and (3) medium without added nitrate. The total N and P content of the 3 cultures would thus be (1) 80 FM N and 5 pM P (N:P = 16:1), (2) 80 pM N and 1 pM P (N:P = 80:1), and (3) 16 ~.IM Nand 5 p M P (N:P = 3.2:l) respectively. After 8 d of incubation the culture growing in complete medium was diluted 1:3 (in complete medium) to obtain a cell density comparable to the nutrient deficient cultures (see Fig. 2a ). After 9.7 d of incubation, when the nutrient deficient cultures had reached stationary phase of growth (see Fig. 2a ), we split each of the 3 cultures into 4 subcultures of 200 m1 contained in 0.5 1 Erlenrneyer flasks. For each set of subcultures, 2 received 50 p1 of PpVOl virus lysate while the other 2 served as non-infected controls. Theoretically the lysate addition increased the nitrate and phosphate concentration in the cultures by no more than 20 nM N and 1.25 nM P. The abundance of algae, viruses and bacteria was monitored for 4 d as described above.
Light requirements: An exponentially growing Phaeocystis pouchetii culture was split into 2 equal aliquots. One aliquot of 800 m1 was further split into 4 cultures of 200 m1 in 0.5 1 Erlenmeyer flasks. The other aliquot received 10 m1 of a fresh PpVOl lysate and was then split into 4 cultures as above. Two of the infected cultures and 2 of the non-infected cultures were incubated under the light conditions described while the remaining (2 infected and 2 noninfected) cultures were incubated in the dark, i.e. they were wrapped in several layers of black plastic and alurninum foil. The abundance of algae, viruses and bacteria was monitored for 6 d as described above.
Multiplicity o f infection (MOI):
A Phaeocystis pouchetii culture in exponential growth was split in 3 and inoculated with 3 different concentrations of PpVO1 virus. The 3 infected subcultures were incubated as described above and the abundance of algae and viruses was monitored for 7 d. In this case the viruses were counted in an epifluorescence microscope after filtration onto 0.02 pm pore size Anodisc filters (Whatman) and staining with DAPI (Porter & Feig 1980) .
Simulation model for host-virus dynamics. As an aid for analyzing and understanding the phytoplankton host-virus interaction we developed a simple model describing the infection, the lysis of algae and the production of new viral particles.
For the contact rate between virus and host cells we determined a volume clearance rate per particle (c) as described by Murray & Jackson (1992) . The size of the PpVOl virus used in our experiments was 150 nm (Jacobsen et al. 1996) and its diffusivity at 8'C was thus calculated as 2 X 10-' cm2 S-'. For flagellates that are 5 pm in diameter (see 'Results') we estimated the volume clearance rate per particle to be 5.7 X I O -~ m1 h-' for motile host cells and 2.3 X 10-7 m1 h-' for non-motile host cells. These rates are valid for an ideal system with 100% adsorption and infection. To allow for suboptimal host-virus systems we regarded this as a maximum contact rate and assumed that virus adsorbing to a host cell was a fraction (ol) of the viruses colliding with the cell and that virus infecting a host cell was a fraction (02) of the viruses adsorbing to the cell. Symbols are summarized in Table 1 .
Change in the abundance of uninfected algae (A) is determined by growth minus infection:
Change in the abundance of infected cells (I) is determined by infection minus cell lysis which is a function of the number of cells infected at time t-r, where T is the length of the lytic cycle Change in the abundance of virus (V) is determined tionary phase, the burst size was significantly less, by cell lysis times the burst size, minus adsorption of about 15 viruses cell-' viruses to both infected and uninfected algae, minus decay of v~r a l particles:
The model was programmed and solved numerically using the Stella I1 modeling software.
RESULTS

Virus production in relation to algal growth phase
The number of viruses added to the Phaeocystis culture in exponential, early stationary and late stationary-senescence phase of growth was 4 to 6 virus particles per algal cell. Fig. l a shows that Phaeocystis was sensitive to virus infection in all phases of growth and that the population was decimated within 3 d after virus infection. From the decrease in cell abundance and the concurrent increase in viral abundance we estimate the burst size of the algal cells in exponential and in early stationary phase of growth to be 240 and 180 viruses cell-', respectively (Fig. l a , b) . In late sta- Nitrogen and phosphate requirements Fig. 2a shows that Phaeocystis in the complete medium culture was growing exponentially and that Phaeocystis in the 2 nutrient deficient cultures had entered stationary phase when the cultures were split and viruses added. Growth in the control cultures which received no viruses continued as before the split, i.e. cell abundance increased in the complete medium cultures while it remained stable in the nutrient deficient cultures (Fig. 2b) . The virus infected cultures showed complete lysis within 3 to 4 d. Cell lysis (Fig. 2b) and release of new viruses (Fig. 2c) appeared to be more rapid in the complete medium cultures compared to the nutrient deficient cultures (Fig. 2b, c) . From net change in cell and virus abundance between Days 11.7 and 12.7 we estimate the mean burst size to be 130 in the complete medium cultures and about 70 in the nutrient deficient cultures.
Light requirements
The non-infected control cultures behaved as expected (Fig. 3a) . Phaeocystis grew well in light while no change in cell abundance occurred in the dark. Fig. 3b shows that cell lysis was more rapid and more complete, and that the virus production was much higher in the cultures incubated in light compared to those incubated in darkness. The mean burst size of the cells was about 370 viruses per algal cell in light and about 100 viruses per algal cell in the dark.
Infectivity and multiplicity of infection
From a number of different experiments and cultures (including many not shown and discussed here) we sampled simultaneously for total counts and infective counts (i.e. most probable number) of viruses. The number of infective particles in fresh algal lysates varied from 7 to 100% of the total counts (mean i SD = 60 + 60%, n = 13).
The effect of varying the multiplicity of infection (MOI) is shown in Fig. 4a . The number of virus particles added per algal cell to the 3 cultures was 0.15, 2 and 50. The number of infective virus particles in the inoculum, as determined by most probable number, was however for this experiment found to be only 8 % of the total virus counts. The MO1 for the 3 cultures was thus about 0.01, 0.2 and 4, respectively. The mean burst size of the cells in the 3 cultures was found to be 510, 290 and 320 viruses per algal cell, respectively. Fig. 4a shows that a higher initial MO1 results in an earlier decline in algal abundance. The rate of decrease in algal abundance and the rate of increase in Time, days viral abundance was however not affected. A low initial MO1 ( < l ) gave a higher viral yield because the algal population increased in abundance before all cells were infected and lysed.
Simulation of host-virus dynamics
The data from the MO1 experiment were used as input parameters to the simulation model. The numerical solution of the model, assuming the cells to be motile or non-motile, and the virus absorption efficiency to be 100 or 10%, is shown in Fig. 4b, c, d . With 100% adsorption efficiency the model predicts a faster change in algal and viral abundance than was observed experimentally (Fig. 4b) . With 10% absorption efficiency the model simulates the experimental results quite well (Fig. 4c, d) . With motile cells the increase in viruses is on time with the experimental data but the algae diminish too early in the model (Fig. 4c) . With non-motile cells (Fig. 4d) the increase in the virus abundance is slower than in the experiment while the algae diminish on time with the experimental results. In any case the model predicts a more sud- den decrease in algal abundance than we observed experimentally. The experimental observation that a low initial MO1 results in a higher viral yleld because the algal population increased in abundance before all cells were infected and lysed was also predicted by the model (Fig. 4c, d ).
The effect of the burst size (m), the length of the l p c cycle (T), the host growth rate (p) and the infectivity of the viruses ((34 on host-virus dynamics was simulated and the results are shown in Fig. 5 . The effects of increasing the burst size (Fig. 5a ) were earlier collapse of the algal population, earlier increase in virus, and higher virus yield. A longer lytic cycle (Fig. 5b) delayed cell lysis and virus production. Increasing the host's growth rate (Fig. 5c ) gave a higher host density before the collapse and a correspondingly higher yield of virus. The timing of cell lysis was however only slightly affected. The effect of increasing the fraction of infective viruses ( Fig. 5d ) was an earlier collapse of the algal population, and consequently lower maximum host density and virus yleld.
DISCUSSION
The main conclusions that can be drawn from these experiments are that Phaeocystis pouchetii was susceptible to virus infection in all stages of growth and that nutrient (nitrate or phosphate) or light limitation of algal growth did not prevent viral reproduction and cell lysis. Phosphate availability thus did not play the same important regulatory role in virus replication in this system as it has been suggested to do for other algal host-virus systems , Wilson et al. 1996 . The physiological reason for this apparent difference is unknown, but it has some interesting ecological implications in that some species may have a selective advantage of not being vulnerable to virus infection under P limiting conditions. If, as an example, P. pouchetii and Emiliania huxleyi are blooming in the same water mass and exhaust the phosphorus supply, P. pouchetii may experience a viral attack, lyse and release its cutrieni content to the benefit of the E. huxleyi population which is less vulnerable to viral infection due to the P limitation.
In the growth stage (Fig. l ) , nutrient depletion (Fig. 2 ) and dark incubation (Fig. 3) experiments the first increase in virus concentration was observed within 24 h, and lysis of the algal culture was complete within 3 to 4 d. The Phaeocystis pouchetii-PpV01 hostvirus system has a lytic cycle of 12 to 18 h (Jacobsen et al. 1996) , indicating that the cultures in the present study underwent at least 1 cycle of infection and virus replication before the virus titer was high enough to infect all cells and cause a complete lysis of the culture.
Time, hours From these observations we cannot conclude that growth stage, nutrient or light limitation of the algal host cells did result in a prolonged latent period as might have been expected. The time resolution of our experiments is determined by our 24 h sampling interval and any prolongation must have been at least about 6 h before we could detect it. In contrast to our observation Wilson et al. (1996) found that complete lysis of a virus infected Synechococcus was delayed for 18 h under phosphorus depleted conditions as compared to nutrient replete conditions.
The average number of viruses produced in each host cell was found to vary from 15 to 510. The highest values compare to earlier observations of 350 to 600 viral particles per lysed cell (Jacobsen et al. 1996) . Lowest numbers were found in non-growing cultures, i.e. in stationary phase cultures, in nutrient depleted cultures and in light limited cultures, while the highest were found in exponentially growing cultures. The physiological condition of the cells does thus obviously have an impact on the virus production. Whether or not nutrient limitation as such affects the number of viruses produced in a cell directly or only indirectly by causing inferior cellular growth is however yet unclear. Nevertheless, these observations agree qualitatively with earlier observations. The ChJoreUa virus PBCV-1 replicates most efficiently in actively growing host cells and poorly in stationary-phase cells (van Etten et al. 1983 (van Etten et al. . 1991 ). In the dark, the burst size of this hostvirus system is reduced by 50% (van Etten et al. 1983) . Burst size of virus infected Synechococcus was reduced by 80% under phosphorus depleted conditions as compared to nutrient replete conditions (Wilson et al. 1996) .
The infectivity of the progeny viruses produced indicated a large variation, from 7 to 100% of total counts. In comparison, Cottrell& found that MPN counts of the MpV-SP1 virus infecting Micromonas pusilla were 12 to 34% of total virus counts, and van Etten et al. (1991) estimated the infectivity of the PBCV-1 virus of ChJoreUa to be 25 to 50%. We were not able to reveal any relationship between the physiological status or growth condition of the host cells and the infectivity of the viruses. The confidence limits of the MPN method are however relatively large even with 8 parallel dilutions. On the average the low and high 95 % confidence limits were 45 and 220 % of the MPN value. Statistical uncertainty may thus have confounded the detection of a possible relationship.
The features and the dynamics of the host-virus interaction were in general quite well simulated by the model. It is noteworthy that the model requires a relatively low host-virus adsorption efficiency (10%) in order to produce a reasonably good fit between simulation and experimental observations. The main differ-ence between data and model was that the model predicts a more sudden decrease in algal abundance than was observed experimentally. Running the model with different parameter settings (Fig. 5) shows that a change in burst size (m), length of the lytic cycle (T), host growth rate (p) or infectivity of the viruses (G*) would not result in a better fit between model and data. A slower decrease in algal abundance would however be obtained if the burst size or the infectivity decreased, or the length of the lytic cycle increased with time throughout the experiment. An increasing virus abundance and MO1 may be hypothesized to result in earlier and premature lysis, and thus in low burst size, cf. 'lysis from without' for bacteria (Stent 1963) . A biological or experimental rationale for introducing variations in the other parameters is lacking. Another explanation for the difference between data and model may be that cells that lyse and release viruses do not disintegrate immediately, as implicitly assumed in the model, but stay intact for some time and are included in the algal counts.
The ecological implication of these experimental findings is that burst size and the potential for virus reproduction may be expected to be highest early in a bloom situation when growth and nutritional conditions are favorable. The abundance of host cells may however be too low early in the bloom for efficient reinfection and reproduction of virus. The bloom may thus develop with minor loss of cells until a concentration is reached when the abundance of hosts is conducive to high rates of virus reproduction and the MO1 becomes > l so that all hosts are infected and the bloom collapses. The virus-to-host ratio obtained in the model (Fig. 5) at the peak of the algal abundance just before the population collapsed was 17 to 38, which corresponds to 1.4 to 3.2 infective particles per host. Under natural conditions, however, other factors than the abundance of host and virus may also be important. Phaeocystis blooming in natural waters often form colonies where the cells are embedded in mucoid material (Lancelot et al. 1987 ). If we hypothesize that the mucus makes the cells inaccessible to viral infection this may explain why Phaeocystis in the colonial stage is able to form dense blooms, apparently without any major loss of cells due to viral lysis.
The eucaryotic micoalgal hosl-virus systems we and others have investigated are all lytic systems. Some of the factors regulating virus production and activity in these systems have been investigated experimentally and we may hypothesize that the same factors play some significant role in situ. It may however be that virus production in situ is regulated through latent infection of the algal host as well as by lytic infection in the same way as bacteriophage production in natural systems may be regulated through lysogenic hostvirus systems (Jiang & Paul 1994 as well as by lytic infection (Wilcox & Fuhrman 1994) .
